The behavior of the proteome reflects spatial and temporal organization both within and without cells. We propose that various macromolecular entities possessing polyanionic character such as proteoglycans, lipid bilayer surfaces, microtubules, microfilaments, and polynucleotides may provide a functional network that mediates a variety of cellular phenomena. The interaction of proteins with this array of polyanions is characterized by a lower degree of specificity than seen with most commonly recognized macromolecular interactions. In this commentary, potential roles for this polyanion network in diverse functions such as protein/protein interactions, protein folding and stabilization, macromolecular transport, and various disease processes are all considered, as well as the use of polyanions as therapeutic agents. The role of small polyanions in the regulation of protein/polyanion interactions is also postulated. We provide preliminary experimental analysis of the extent to which proteins interact with polyanions inside cells using a combination of two-dimensional chromatographic and electrophoretic methods and antibody arrays. We conclude that many hundreds to thousands of such interactions are present in cells and argue that future understanding of the proteome will require that the "polyanion world" be taken into account.
Functional cellular behavior is thought to arise primarily from highly specific interactions between molecular components. These interactions are usually based on tight associations that display the ability to differentiate between remarkably subtle differences in structure. Most biochemical studies are conducted with an emphasis on the details of molecular structure that are responsible for this presumed specificity. Less specific interactions have been given considerably less attention. An exception involves gene regulation, which frequently appears to involve significant nonspecific interactions between proteins and their DNA substrates (1) . We propose here, however, that at least one type of "nonspecific" interaction deserves more attention, especially with regard to the proteome. In this perspective, we postulate that less specific interactions between various cellular polyanions and proteins are of critical importance to our understanding of the proteomic world. The basis of these interactions is complementary electrostatic interactions between polyanionic and polycationic entities. The extreme polyanionic nature of several common cellular macromolecules and macromolecular complexes involved in such interactions (e.g. proteoglycans, DNA, RNA, ribosomes, actin microfilaments, and microtubules) is illustrated in Fig. 1 , with the extensive red surfaces corresponding to regions of negative charge. The polyanions in Fig. 1 are only meant to be representative of this class of molecules, which also includes smaller polyanions such as the inositol phosphates (InP n ) as well as polysaccharides such as the glycosaminoglycans (e.g. heparin, chondroitin sulfates, dextran sulfate) and extended structural regions of many other proteins. The potential global cellular significance of such electronegative surfaces is clearly illustrated by recent cryo-electron micrographs that show just how highly concentrated two common polyanions (ribosomes and actin) actually are in the cytoplasm (Fig. 2 ) (2) . Thus, as we will argue in more detail below, the interior and exterior of cells can be viewed as a dense network of polyanionic surfaces that are readily accessible to other cellular proteins and, in particular, those that possess regions of concentrated positive charge. Furthermore, we contend that what may at first appear to be a series of unrelated phenomena whose common feature is the involvement of certain polyanions actually reflects a broad role for polyanion/polycation interactions in diverse cellular functions.
Partial origin of the idea that electrostatic interactions of intermediate or low specificity may play vital roles in cellular function arises from the existence of so-called "heparin-binding proteins." Well over a hundred such proteins have so far been identified, and an entire book has been dedicated to this topic (3) . It is, in fact, rare to find an issue of a major biochemical publication, such as The Journal of Biological Chemistry, that does not contain multiple papers devoted to "heparinbinding proteins." Although it is common to view heparin/ protein interactions in terms of their specificity, in those (few) cases where interactions with multiple polyanions have been tested, interactions with other large (e.g. DNA, actin, tubulin, etc.) and small (e.g. inositol phosphates, phytic acid, etc.) polyanions are often observed (see below). This ability to bind to other polyanions suggests that such interactions are not highly specific, although they may be of high affinity. Thus, these proteins are more appropriately designated "polyanionbinding proteins" to emphasize that they may be able to bind to other glycosaminoglycans, nucleotides, actin, tubulin, and other cellular polyanions through interactions that may vary in affinity but are not highly specific in the sense that large variations in ligand (polyanion) structure do not necessarily dramatically lower the affinity of such contacts.
A good example of a class of proteins that illustrates this phenomenon is the 23 known fibroblast growth factors (FGFs). 1 In 1984, Shing et al. reported the purification of a tumor angiogenesis factor (which was later designated basic FGF, FGF-2 (4)) from chondrosarcoma cells using a single heparin affinity column and stated that the successful purification resulted from a "specific affinity for heparin" (5) . Thus, extensive studies began that continue to this day concerning the interactions between FGFs and heparin and related glycosaminoglycans (GAGs) and proteoglycans. Much of this effort has focused on the specificity of these interactions with little effort made to address the opposite question, namely the absence of such specificity. As is often the case, the ques-tions one asks very much determine the answers one receives. For example, there have been numerous studies aimed at identifying a link between the specific sulfation patterns in GAGs and their ability to bind to growth factors (6, 7) . One such study looked for correlations between heparin sulfate oligosaccharide lengths (8 -12 disaccharide units) and sulfation patterns (N-sulfate, 2-O-sulfate, 6-O-sulfate) and the activation of FGF-1 and FGF-2 (6) . In general, increases in oligosaccharide length and 6-O-sulfation (even to a small extent) resulted in increases in FGF-1 mitogenic activity. The authors concluded that the data support the viewpoint that specific or precise positioning of the sulfate group is necessary for FGF-1 mitogenic activity. The data clearly demonstrates, however, that a range of sulfation patterns and oligosaccharide lengths can activate FGF-1 and FGF-2, albeit to differing extents. It is also noteworthy that the N-sulfation and 2-O-sulfation contents within the oligosaccharides were essentially constant. Thus, the apparent correlation between 6-O-sulfation and activity may actually reflect an increase in activity that is due to an increase in nonspecific electrostatic interactions, an alternative interpretation that the authors concede may be drawn. In this case and many others, apparent specificity can certainly be found, especially as one alters the charge on the interacting molecules, but it is equally likely that changes in affinity are being confused with alterations of specificity.
A large body of evidence now exists to support the view that interactions between the FGFs and diverse polyanions are highly nonspecific. In fact, much is known about the nature of the interactions between heparin and other polyanions and various FGFs because numerous nuclear magnetic resonance and crystal structures of such complexes are now available (e.g. Refs. 8 -10) . These studies clearly identify the primarily electrostatic (polycationic) nature of such sites and demonstrate such low specificity in terms of the many quite different polyanions that are able to occupy them with high affinity. Electrostatic potential surfaces of four members of the FGF family are shown in Fig. 3 . Each molecule is oriented to show the "heparin-binding" face, and FGF-1 and FGF-2 are shown with fragments of bound heparin. The highly dispersed nature of this electrostatic surface is apparent from these representative images. Similar models are available for FGFs bound to polyanions as diverse as sucrose octasulfate (10, 11) and inositol hexaphosphate as well as simple sulfate anions from salts used in the crystallization process (e.g. ammonium sulfate) (12) . Further evidence for this lack of specificity comes from the fact that photoaffinity labeling studies indicate that small polyanionic ligands can be bound in multiple orientations in the polyanion-binding site (13 4 and 5B). The crystal structure of the FGF-1:heparin: FGFR2 dimer finds a 2:1:2 complex that suggests that heparin facilitates dimerization of FGF-1, which in turn induces dimerization of the receptor, potentially a critical activation event (14) . On the other hand, the 1:1:1 complex formed by FGF-2, heparin, and FGFR1 observed by others suggests that heparin can also interact with single FGF and FGFR molecules to form a stable complex (8, 10, 15) . After the first stable complex is formed, each subunit is positioned to undergo a favorable interaction with another 1:1:1 FGF-2:heparin:FGFR1 complex to form a dimer (a 2:2:2 "two-end model"). In addition to its role in the formation of FGF/receptor complexes, heparin and other polyanions (see below) have also been argued to reduce the rate of dissociation of the protein from its receptor, thus increasing binding affinity (10) . Physical effects of binding of polyanions to the FGFs themselves include stabilization of their structure (13, 16 -22) , stimulation of their folding (23, 24) , and effects on their nonclassical transport into and out of cells (25) (26) (27) ) (see below).
Despite these high-resolution structural studies, which are usually interpreted in terms of a high degree of specificity of polyanion/FGF/receptor interactions, significant evidence exists to argue that such effects are actually relatively nonspecific in the generally understood use of the term. In fact, over 20 different polyanions of widely varying structure, both natural and synthetic, have been shown to stabilize FGF-1 by inhibiting the formation of molten-globule-like states of the protein, which lead to subsequent aggregation (13, 16 -23, 25, 28 -31) . These polyanions include molecules as diverse as polysaccharides, polynucleotides, polypeptides, and synthetic polymers, with the only obvious common feature being their high density of negative charge (20) . This nonspecificity is also illustrated by a comparison of the crystal structure of FGF-2 bound to a fragment of heparin and the very different, small molecule sucrose octasulfate (Fig. 5A ). This disaccharide not only stabilizes and activates FGF-2, but the nature of the complexation of the macromolecules is reminiscent of the symmetric complex formed with heparin (10) . We should note that throughout our discussion of "nonspecific" interactions, we do not mean to argue that there does not exist some degree of specificity between polyanions and their multitude of binding partners. More precisely, we argue that there is an intermediate specificity based on a gradient of electrostatic interactions that are a function of relative charge densities in contrast to high conformationally based structure specificity. We will argue below that such nonspecificity between various polyanions and cationic sites on proteins is not the exception but rather is typical of such interactions and may be of great functional consequence for cellular function and some disease states. Furthermore, we will present evidence that the distribution and behavior of proteins within cells may be modulated by such interactions.
EMERGING EVIDENCE FOR THE UBIQUITOUS NATURE OF POLYANION/PROTEIN INTERACTIONS

Polyanions as Storage Depots for Proteins
A commonly hypothesized role for proteoglycans is that of storage sites for various proteins in the extracellular matrix and basement membranes. Release from such complexes is proposed to modulate the activity of such proteins (e.g. growth factors). It is well established that FGFs as well as other growth factors can be isolated in large quantities from the polyanionic extracellular matrix (32) (33) (34) . Competition studies with heparin, heparan sulfate, dermatan sulfate, as well as other polyanions and GAG-specific degrading enzymes implicate the involvement of multiple GAGs in protein storage within the extracellular matrix (34) . High salt will also disrupt such interactions, providing additional evidence that the interactions are primarily electrostatic in nature (35) . Such interactions appear to be of functional significance because the proteins are localized near sites of activation, alterations of the GAGs perturb activation processes, and bound proteins are protected from proteolytic and other forms of degradation.
Polyanions and Chaperone Function
Polyanions as Molecular Chaperones-Protein folding and transport chaperones are generally thought to be proteinaceous in nature (e.g. GRoEL and DnaK). It has been demonstrated, however, that only a small fraction of proteins actually require known chaperones (36) . Some evidence, however, supports the idea that polyanions such as the GAGs and nucleic acids also have (at least) in vitro chaperone-like activity mediated by electrostatic interactions between these polyanions and target proteins. For example, heparin, polyvinylsulfate, polyglutamate, RNA, and single-and doublestranded DNA can accelerate the in vitro refolding of the Arc repressor protein (37) . Polycations have no such effect. The refolding of FGF-1 can also be enhanced by a variety of polyanions (23) . In the absence of polyanions, FGF-1 does not refold at temperatures above 30°C. In contrast, the addition of heparin, inositol hexasulfate, or sodium sulfate permits the protein to be refolded at temperatures up to 50°C, albeit at a slower rate. Tubulin, a protein with polyanionic character, has also been proposed to possess chaperone activity (see below) (38) . Although these are in vitro studies, the ubiquitous nature of such polyanions inside the cell suggests that such activity could be of biological significance, especially with regard to the inhibition of protein aggregation during refolding through a simple sequestration mechanism.
The Interaction of Polyanions with Molecular ChaperonesThe majority of proteins identified as having chaperone activity were initially identified as heat shock proteins (HSPs), proteins that are characteristically overexpressed in cells under various forms of stress (39 -43) . Many HSPs have been shown to associate with nucleic acids (44 -46) , GAGs (47) , and proteinaceous polyanions (e.g. cytoskeletal proteins (39 -43) . For example, Hsp15 binds single-and double-stranded DNA, RNA, and the 50S ribosomal subunit (45, 46) . In fact, Hsp15 possesses a highly conserved, positively charged RNA-binding motif that can be found in ribosomal proteins, tRNA synthases, and stress proteins (44) . Korber et al. describe this binding as nonspecific but high affinity (45, 46) . Although protein refolding activity has not been demonstrated with Hsp15, this protein appears to have a unique functional activity directed toward nucleic acids. Its effect on free 50S ribosomes with nascent peptide chains suggests the existence of a class of HSPs directed toward nucleic acids instead of proteins. In this regard, Hsp15 appears to be involved in the recycling of the 50S ribosome by binding to ribosomal RNA with an associated nascent chain and aid in its release (45) . Evidence that many HSPs can also bind to GAGs comes from the observation that various HSPs can be purified from tumor cell protein extracts using heparin affinity chromatography and require high salt for elution (47) . This may be of further significance in vivo if affinity for cellular GAGs plays a role in HSP function. Members of both the large (40 -42) these cytoskeletal proteins. In fact, some Hsp70 proteins were first identified as microtubule-associated proteins (42, 48 -50) . In addition, the small HSPs (sHSPs), which are themselves polyanions (see below), are thought to be chaperones that are intimately involved in the control of microfilament assembly and activity (42, 51) .
Protein Chaperones as Polyanions-Small HSPs have flexible C-terminal extensions that, although variable in length and sequence, are rich in acidic amino acids (52) . Although their polyanionic character alone is not sufficient for sHSP function, mutants with C-terminal truncations have reduced function (Ref. 52 and references therein). The primary role of this domain is hypothesized to be the solubilization of the sHSP/protein complex, with unfolded proteins presumably bound to apolar domains of the sHSP. Edwards et al., however, have presented evidence that the sHSP ␣-crystallin has chaperone activity with FGF-1 mediated by electrostatic interactions between the basic regions of the growth factor (Figs. 3 and 4) and acidic regions of ␣-crystallin (24) . Given the previously mentioned studies of FGF-1 folding in the presence of diverse polyanions, this result is not surprising. Nonspecific interactions between a sHSP and polyanion-binding proteins was also recently elucidated from identifying proteins that bind to Synechocyctis Hsp16.6 following heat shock of the cyanobacterium (53) . Of the 13 proteins whose identities were determined, several also bind to other polyanions. These proteins include an RNA polymerase, a ribosomal protein, and tRNA/rRNA methyltransferase. Additionally, ␣-synuclein has also been described as similar to sHSPs based on its small size, overexpression at elevated temperatures, acidic C terminus, and in vitro chaperone activity (54) . Like sHSPs, the polyanion ␣-synuclein (which also binds to other polyanions; see below) requires the acidic domain for its chaperone function. The importance of this domain to its chaperone function was further demonstrated when the acidic C terminus of ␣-synuclein (aa 96 -140) was fused to the C terminus of glutathione S-transferase and dihydrofolate reductase. Both fusion proteins prevented the heat-induced precipitation of aldolase, while neither wild-type glutathione S-transferase nor dihydrofolate reductase could prevent aggregation (54) .
HSPs are not alone in possessing chaperone function mediated by acidic domains. Nucleolar protein B23 has been hypothesized to be a nucleolar chaperone (55) (56) (57) . B23 has two acidic regions that are necessary for its chaperone-like activity, and removal of one or both these domains reduces its ability to inhibit bovine liver rhodanse activity by 43 and 70%, respectively (55) . As indicated previously, tubulin also displays chaperone-like activity and has been used to suppress the aggregation of soluble lens proteins, equine liver alcohol dehydrogenase, and insulin, but only when tubulin's acidic C terminus was intact (58) . Finally, polyanionic propeptides in a number of proteins appear to act as intramolecular chaperones to aid their folding (59 -61) .
Polyanions and Post-translational Modifications
Zymogens and Propeptides-Many enzymes and hormones are expressed as zymogens, precursor proteins with a peptide (usually N-terminal) that must be cleaved for activation. The highly charged nature of these propeptides is highly conserved, despite little sequence homology among the propeptides even within the same class of enzymes (e.g. the propeptide regions of the serine proteases trypsinogen and chymotrypsinogen have no sequence homology) (62) . In some proenzymes, prohormones, and prodefensins, acidic homopolymeric Asp regions are present in the propeptides and seem to have multiple functions (63) . For example, trypsinogen, the precursor to trypsin, has a DDDDK sequence highly conserved across species that is necessary for recognition by its propeptide cleavage enzyme enterokinase (62) . In addition to inhibiting the premature activation of the enzyme defensin or certain hormones by neutralizing the positive charges of the parent protein, the cleaved Asp-rich propeptides also possess antimicrobial activity (63) . Thus, the anionic peptide fragments of some zymogens are also hypothesized to be a part of the innate immune system.
Protein Phosphorylation-Protein phosphorylation is the most widely studied post-translational modification that results in protein acidification. Each such covalent modification results in a gain of two negative charges, rendering the protein significantly more anionic. In some cases, the degree of phosphorylation can be quite extensive (64 -66) . The addition of negatively charged phosphate groups often acts as allosteric regulatory devices by inducing conformational changes within the protein based on the formation or release of electrostatic contacts. The altered conformations permit the phosphorylated proteins to have unique activities relative to their dephosphorylated or less phosphorylated counterparts. Unlike the modification of zymogens, phosphorylated proteins can be turned off by phosphatase dephosphorylation. Several diseases have been linked to the improper induction of kinases and phosphatases. Besides the well-known example of overactive kinases, which are found in cancer cells (67) , hyperphosphorylation of the microtubule associated protein tau has been linked to tau fibrillation, which is associated with Alzheimer's disease (64, 68, 69 ) (see below). The protein stathmin, which also regulates microtubule function, is known to be phosphorylated in up to four positions. The addition of negative charge negates the inhibitory effect of the protein by apparently reducing its interactions with tubulin (70) . Numerous other proteins, especially in the kinase and transcription factor family, are subject to hyperphosphorylation, but the role of these modifications remains obscure. Furthermore, we note that intermediate filaments, which are highly polycationic, are subject to hyperphosphorylation imparting partial polyanion properties to them. This phosphorylation appears to be intimately involved in the apoptotic, mechanical, and cell signaling activities of intermediate filaments (71) . Other well-documented modifications with the potential to introduce extensive negatively charged modifications into proteins include sulfation and sialyation.
Polyanions and Nonclassical Macromolecular Transport
Nonspecific electrostatic interactions appear to be very important in the cellular uptake and compartmentalization of proteins that translocate through what have been referred to as nonclassical routes (26, 27, 72, 73) . Examples include proteins that have been modified with positive charges to cross the blood brain barrier as well as proteins that contain naturally basic regions that are responsible for such transport. Synthetic basic peptides and cationic lipids also display such activity and have been used as delivery vehicles for both DNA and non-cell-permeable proteins. Although the exact mechanisms of entry of these proteins are not well-understood (and somewhat controversial), domains of positively charged amino acids that interact with cell-surface polyanions (primarily proteoglycans) are generally agreed to be involved in the transport process.
Cationized Proteins-Cationization (the addition of basic charge) to proteins to enhance their delivery has been practiced for decades. Over 20 years ago, several groups demonstrated that the renal and blood brain barriers are susceptible to penetration by cationized proteins. Even in the early days of cationization, it was postulated that cationized albumin exhibited enhanced uptake both in vivo and in vitro due to nonspecific, high-affinity interactions with anionic cell-surface moieties (74, 75) . Reports of permeabilization by cationized albumin led to the investigation of cationized albumin-peptide chimeras to facilitate the uptake of otherwise impermeable peptides by the blood brain barrier (74, 76, 77) . Hexamethylenediamine-cationized immunoglobulins also show enhanced uptake (78) . The ability of these proteins to enter cells appears to be generally related to their degree of cationization, with the more basic proteins most effective.
Protein Transduction Domains-Many proteins with naturally occurring regions of high positive charge density appear to cross biological membranes by nonclassical routes. These regions, often designated as protein transduction domains (PTDs), are usually less than 30 amino acids in length and acquire their basic character from high arginine and to a lesser extent lysine contents. Although the mechanism of transport of these domains is still uncertain (with some evidence suggesting that endocytosis is involved), there now seems to be a general consensus of a role for polyanions. Evidence for the involvement of polyanions in this form of transport is discussed below for the uptake of three representative proteins with PTDs (HIV-1 tat, Drosophila antennepedia, and herpes virus protein VP22).
HIV-1 tat PTD (localized to the sequence YGRKKRRQRRR) interacts with GAG segments of cell-surface proteoglycans as an early step in internalization (79) . The hypothesis that these domains are involved arises in part from the observations that HIV-1 tat PTD binds heparin and that the biological activity of extracellular HIV-1 tat can be inhibited with soluble heparin as well as other GAGs and small polyanions (79 -85) . HIV-1 tat PTD has also been complexed with various cellular polyanions (i.e. heparan sulfate, dextran sulfate, and DNA) with a resultant enhancement in their the cellular uptake (86) . The diversity of types of polyanions that can be delivered to cells using the HIV-1 tat PTD and that appear to be involved in the uptake of the protein itself lend additional support to the idea that the interactions themselves are relatively nonspecific although of fairly high affinity.
Drosophila antennepedia PTD is also highly basic, and heparan sulfate proteoglycans have been implicated in its internalization as well (87) (88) (89) . It has also been reported that cellsurface polysialic acids enhance the uptake of Drosophila antennepedia PTD (88, 89) . This again suggests the nonspecific nature of the electrostatic interactions involved in this process.
Herpesvirus protein VP22, which has the remarkable ability to both exit and enter cells in a facile manner, also interacts with multiple polyanions (26, 27, 90) . Kueltzo et al. report that oligonucleotides and heparin both bind to VP22 and stabilize the protein (90) . The authors hypothesize that a molten globule-like state of VP22 is necessary in the transport process but that polyanions modulate the presence of this state and in some way mediate transport. In this regard, FGF-1 conjugated to the B-subunit of diphtheria toxin has its entry into cells blocked by the binding of polyanions, possibly through inhibition of the appearance of transport competent partially unfolded states (91) .
In attempting to utilize this technology for drug delivery purposes, it has been found that homopolymers of lysine, arginine, histidine, and ornithine can all be internalized (92) (93) (94) . These peptides differ in their propensity to cross biological membranes depending on their length and the identity of their side chains. In general, polyarginines of 6 -11 amino acids have been found to more efficiently enter cells than other basic synthetic homopeptides of similar length. This finding has been attributed to the ability of the arginine guanidinium group to form uniquely strong electrostatic interactions with a variety of negatively charged groups (92). Futaki et al. report that a search of the Swiss-Prot database for proteins with seven or more arginines in a 15-aa stretch results in 591 hits, suggesting that many hundreds of proteins may have motifs that might enable the protein to transverse cell membranes or at a minimum bind cellular polyanions electrostatically (95) . To illustrate the diversity of polyanions that can interact with polyarginine, a commonly used model for such peptides, the diffusion of fluorescently labeled polyarginine was examined in the presence of various polyanions. We used a 9-aa polypeptide consisting of eight arginine residues and a C terminus tryptophan (RRRRRRRRW or R 8 W) to investigate the ability of a polyarginine peptide to be differentially sequestered across a semi-permeable 10,000 mo-lecular weight cut-off (MWCO) synthetic membrane into various polyanion-containing sample wells of a multi-well microdialysis unit. The peptide in 10 mM sodium phosphate buffer (pH 7.2) was loaded into a common dialysate chamber of the microdialysis unit, and solutions of different cell-surface polyanions (i.e. heparin, heparan sulfate, chondroitin sulfate A, chondroitin sulfate B, actin, tubulin) were loaded into each of the sample wells, with one well containing buffer alone as a control. Over a course of 6 h, the solutions in the wells were assayed for evidence of interactions between the peptide and the polyanions by transferring aliquots from the wells to a microtiter plate for analysis. The tryptophan residue permitted fluorescence intensity detection of the peptide in the sample wells in most cases, although OD measurements (reflecting aggregation) were used to assay the wells containing actin and tubulin, which have strong interfering fluorescence intensities. The wells containing chondroitin sulfate A, chondroitin sulfate B, heparin, and heparan sulfate all had higher fluorescence intensities than the buffer well by the conclusion of the study (Fig. 6A ). This higher intensity indicates the presence of nonspecific interactions between the R 8 W peptide and GAGs. OD increases at 360 nm indicate this same peptide interacts with actin and tubulin and induces aggregation (Fig. 6B ). An interesting consequence of the results of these experiments is FIG. 6 . These figures illustrate the affinity of a basic peptide (RRRRRRRRW, R 8 W) for various polyanions. Each polyanion (heparin and heparan sulfate, 0.47 mg/ml (3 mM (-) charge); chondroitin sulfate A and chondroitin sulfate B, 1.38 mg/ml (3 mM (-) charge); tubulin, 0.6 mg/ml; and actin, 0.5 mg/ml) occupied a single well in a 10-well microdialysis chamber. The peptide solution (0.1 mg/ml, 335 M (ϩ) charge) was separated from the wells by a 10,000 MWCO cellulose ester membrane (Spectrum Chemical Company, Gardena, CA). The membrane was only permeable to the peptide. For the polyanions shown, the peptide fluorescence intensities of solutions from the well are greater than that for the well-lacking polyanion (buffer alone). Peptide interactions with actin and tubulin were monitored by actin and tubulin aggregation. Because the beef brain tubulin is susceptible to aggregation at ambient temperature, the experiment was conducted at 4°C. Aliquots of the actin and tubulin stock solutions were assayed in parallel with the microdialysis samples to confirm that the observed increase in OD of the sample in the microdialysis unit was due to the presence of the basic peptide. (It should be noted that dextran sulfate, DNA, and RNA occupied the remaining wells of the dialysis unit. Membrane fouling (dextran sulfate) and increasing volumes of the polynucleotide wells complicated their analysis. Extensive aggregation of dextran sulfate was observed by monitoring the OD 350 of a dextran sulfate solution following the addition of the peptide in a conventional UV/Vis spectrophotometer (data not shown). In a separate microdialysis experiment in which the wells only contained either DNA, RNA, or buffer, there is a slight increase in the fluorescence intensity of the polynucleotide-containing wells (data not shown).) the proposal that transport of proteins containing polycationic regions from one polyanion to another appears feasible. The interactions between the R 8 W peptide and the various polyanions were suppressed when the buffer contained 150 mM sodium chloride, providing additional support for the nonspecific, electrostatic nature of the binding.
Basic peptides are not the only agents for which electrostatic interactions with GAGs are proposed to be important. Delivery of complexes of DNA with cationic liposomes has also been proposed to involve cell-surface proteoglycans, and a wide variety of experimental evidence has been presented to support this hypothesis. For example, the diversity in the cell types transfected using cationic lipid/DNA complexes implies that the underlying mechanism is of low specificity (96) . Moreover, adding GAGs or heparan sulfate proteoglycans (HSPGs) to the culture media during in vitro transfection of cells using cationic lipid/DNA complexes has been shown to lower the transfection efficiency (97, 98) . Reduced transfection efficiency using cationic lipid/DNA complexes has also been observed when the level of cell-surface GAGs has been metabolically or enzymatically reduced (99) . GAGs may not only be significant in the interaction of the liposomes with the cell surface, but free polyanions may also have roles in releasing the DNA from the complexes (96, 100, 101) . Although there is less direct experimental evidence, gene delivery vehicles containing polyethyleneimines, amino dendrimers, and other basic polymers may also utilize this pathway (102).
Polyanions and Diseases
There is considerable support for the involvement of polyanions in that class of diseases that are most often defined in terms of the in vivo deposition of certain proteins ("protein solubility diseases"). A partial summary of relevant observations is shown in Table I . As can be seen by inspection of this information, the presence of polyanions (primarily proteoglycans) appears to be ubiquitous in such disorders. In fact, based on this observation, it does not seem entirely fanciful to suggest the idea that the term "protein solubility disease" could be replaced by "polyanion-related disorder."
Neurodegenerative Diseases-Alzheimer's disease is a neurodegenerative disease in which ␤-amyloid (A␤) peptide plaques and tangles of tau, a microtubule-associated protein involved in regulating neuronal microtubules stability and orientation, are characteristic markers. Examination of diseased brain tissues has revealed that the polyanions heparan sulfate, keratan sulfate, dextran sulfate, and chondroitin sulfate proteoglycans as well as DNA can all be found associated with the abnormal protein deposits (103) (104) (105) . A␤ interactions with heparan sulfate and other proteoglycans have been the most extensively studied (103) (104) (105) (106) (107) (108) . Although the interactions are clearly not highly specific, there are differences in affinities that are related to both sulfation patterns and iduronic acid contents (105) . Moreover, soluble heparin, heparan sulfate, chondroitin-4-sulfate, chondroitin-6-sulfate, and keratan sulfate have been shown to induce in vitro fibrillation (106, 107) . The significance, if any, of differences in affinity of A␤ for the various cellular polyanions with respect to the severity of disease remains to be established. Tau, the other Alzheimer's disease-related protein that forms characteristic aggregates, is a microtubule-binding protein capable of both reversible and essentially irreversible associations with microtubules (109) . Heparin can disrupt the interactions between tau and microtubules. To varying extents, heparin and other GAGs, DNA, RNA, and tubulin can stimulate the phosphorylation of tau by a several kinases (68) . In vivo, the post-translational acidification of tau is thought to inhibit its binding to the polyanionic microtubule (through charge repulsion?) and is the form found in neurofibrillary tangles. In fact, hyperphosphorylation of tau has been suggested to be responsible for its fibrillation. Dou et al. have presented evidence that tau association with microtubules can be enhanced in cultured cells by the up-regulation of two other polyanion-binding proteins, Hsp70 and Hsp90 (110) . Moreover, the down-regulation of these same HSPs results in decreased association of tau with microtubules and an increase in tau phosphorylation. These finding correlate with the observed levels of Hsp70 and Hsp90 in the hippocampus of an Alzheimer's disease mouse model and that of an Alzheimer's disease patient relative to normal hippocampus levels (110) . Thus, there appears to be a correlation between disease and the levels of certain polyanion-binding proteins. Dou (112)), and it follows that yet to be defined roles for polyanions in the progression of Alzheimer's disease seem quite possible. Prion plaques, which characterize several neurodegenerative diseases in humans and other mammals, are formed when native prion protein (PrP) is conformationally altered to a new form (PrP Sc ). Like the protein plaques of Alzheimer's disease, heparan sulfate proteoglycans are associated with these protein deposits and have been implicated in the disease itself (113) (114) (115) . Studies of the conversion of the wildtype PrP to its pathogenic conformation in both cellular and cell-free environments implicate heparan sulfate in the conversion and subsequent disease progression (113) (114) (115) (116) (117) (118) (119) . The interaction between PrPs and heparan sulfate proteoglycans is, however, relatively nonspecific. For example, the administration of a variety of other polyanions has been shown to reduce levels of cell-associated PrP (PrP c ) at cell surfaces, delay scrapie infection, and reduce PrP Sc formation in infected cells (116, 117, 120) . The extent of reduction seems to correlate with the relative binding strengths of the polyanions (117, 120) . It has been proposed that the reduction in deposition results from either the stabilization of nonpathological forms of PrP Sc or successful competition with endogenous heparan sulfate proteoglycans for PrP binding (116, 117, 120) . Endogenous levels of soluble GAGs or other polyanions may have some role in the disease process as well (116) .
The brains of Parkinson's patients contain deposits of the protein ␣-synuclein. In vitro fibrillation of this protein can also be induced by electrostatic interactions with polyanions (121) . Basic regions of ␣-synuclein bind cellular polyanions, including heparin, heparan sulfate, dextran sulfate, chondroitin sulfates A and B, and polyglutamic acid. The net charge of ␣-synuclein is negative, however, reflecting a high concentration of acidic residues in its C terminus. Thus, ␣-synuclein itself also possesses significant polyanionic character. One consequence of this is that fibrillation has also been induced in vitro with a variety of cellular (putresine, spermine, spermidine, histone) and synthetic (polyarginine, polylysine, polyethyleneimine) polycations (122, 123) . The structural diversity of these compounds strongly suggests that fibril induction can be induced by a range of nonspecific electrostatic interactions.
In the neurodegenerative diseases discussed above, it is generally assumed that protein aggregation leads directly to the observed pathology although this view has frequently been challenged. For example, changes in cellular polyanion content or structure could potentially result in alterations of protein folding processes (see above). It is also possible that changes in polyanions could perturb protein/protein interactions. Whatever the actual situation, a direct role for polyanions in these diverse disease processes seems worthy of further consideration.
Bacterial and Viral Infections-To propagate infection, viruses and bacteria must usually gain entry into host cells. To initiate this event, the invaders must be able to interact with naturally occurring cell-surface components, whatever the mechanism of entry, be it through membrane fusion, receptor-mediated endocytosis, pore formation, membrane disruption, or phagocytosis. For many viruses and bacteria, cellsurface proteoglycans as well as other polyanions (e.g. polysialic acid) have been shown to serve as receptors or co-receptors facilitating their entry. The entry of influenza virus is known to require the presence of sialic acid moieties at the cell surface (124 -127) . Recently, this long-established view was challenged by Stray et al. who have suggested that the virus could enter desialylated cells via a sialic acid-independent receptor (128) . One possibility is that other cellsurface polyanions substitute for sialic acid. There is also evidence that multiple HIV-1 proteins involved in viral entry and infectivity (e.g. GP120, vpr, etc.) can interact with extracellular polyanions, cell-surface proteoglycans, and DNA (129, 130) . Other viruses known to employ polyanions in their entry pathway include herpes simplex virus 1 (26, 27) , human papillomavirus type 16 (HPV-16) and type 33 (HPV-33) (131), classical swine fever virus (132) , and hepatitis B virus (133), among others. Many viruses also use microtubules to traffic to the nucleus of cells, although it is currently unclear whether this apparently dynein-dependent process depends on the polyanionic nature of the microtubule.
Pathogenic bacteria also possess surface proteins that bind polyanions that may, in turn, be involved in infectivity. Analysis of the amino acid sequences of the bacterial cell wall proteins of the pathogenic bacteria Staphylococcus aureus and Streptococcus pyogenes reveal that both have fibronectin-binding sequences (134) . Fibronectin is a heparin-binding protein. Fibronectin-binding proteins/fibronectin interactions are important for bacterial entry into host cells and evasion of the host immune system. If bacterial fibronectin-binding proteins and heparin or other polyanions compete for electrostatic interactions with fibronectin, then the pathogen's ability to avoid the immune system may depend, at least in part, on the success of the fibronectin-binding proteins in the competition. Thus, disease states caused by viral and bacterial infections may also be viewed in terms of alterations in protein/polyanion interactions in the cell and interventions in such pathologies could potentially benefit from therapy at this level (see below).
Polyanions as Drugs
One hint that polyanions may be of some general significance in cellular systems came from the observation that many polyanions have been used as drugs for decades. Best known of these are the anticoagulants such as heparin. Less well-known are polyanions such as suramin, a polysulphonated napthlurea compound that has been used for treatment of early stage trypanosomiasis (African sleeping sickness) since the 1920s (135) . Suramin binds to plasma proteins, which are then internalized by the trypanosomes with the result that high concentrations of the polyanion inhibit vital enzymes, a number of which have been identified to bind the drug (136) . Suramin has also been administered to combat onchocerciasis (river blindness) caused by the Onchocerca volvulus neamotode, although the use of the drug for this indication is tempered by serious systemic toxicity (137) . Suramin was one of the earliest drugs found to have anti-HIV activity (138, 139) . More recently, this polyanion has been examined as an anti-cancer therapeutic for patients with advanced stages of various cancers (140) . Suramin binds to many growth factors containing heparin-binding sites, and it has been suggested that many of its various effects are due to this phenomenon (18) . The aluminum salt of sucrose octasulfate (sucralfate) is used to treat and prevent gastrointestinal ulcers. The efficacy of this drug has also been attributed to the activation (through stabilization) of the heparin-binding FGFs, which then stimulate wound healing (141) . Human, canine, and equine forms of osteoarthritis are often treated with polysulfated GAGs, most commonly the chondroitin sulfates. Oral administration has resulted in significant relief from pain-related symptoms (142) . An intramuscularly injected product for veterinary usage, Adequan® (Luitpold Pharmaceuticals, Inc., Shirley, NY), is employed to not only relieve pain and inflammation but to stimulate repair of damaged cartilage (143) . A wide variety of other polyanionic compounds has also been used for various therapeutic applications. These include pentosan polysulfate for proposed anti-tumor activities and inositol hexasulfate (IHP 6 ), a dietary supplement suggested to have T cell stimulatory effects that leads to immune system enhancements.
Polyanionic therapeutics directed toward the protein-solubility diseases discussed above are also in development. The Canadian-based company Neurochem (Laral, Quebec, Canada) has two "GAG mimetic" drug candidates [Fibrillex™ (phase II/III) and Azhemed™ (phase II completed, extended phase II underway)] in advanced clinical trials. Fibrillex™ is directed toward AA amyloidosis, a fatal disorder with characteristic amyloid deposits in the liver, spleen, and kidney. Similar to Alzheimer's disease, GAGs have also been isolated in the amyloid deposits of AA amyloidsis patients (144, 145) . The rationale for using GAG mimetics in the treatment of both conditions is that these small GAG analogues can competitively inhibit the binding of endogenous GAGs to AA or A␤ proteins, thereby preventing fibrillation. The company's drug candidate for the treatment of Alzheimer's disease similarly is designed to prevent the formation of fibrils by binding to soluble A␤ and to inhibit the deposition of brain A␤ fibrils. The success of these approaches in humans remains to be determined, but studies in animal models are promising.
The tentative conclusion we propose from this brief discussion is that the existence of a diverse array of polyanionic drugs with a range of therapeutic activities argues for systemic (or nonspecific) effects on cellular systems in many cases. Although the therapeutic effects of compounds such as heparin, sucrose octasulfate, suramin, the chondroitin sulfates, pentosan polysulfate, and the polyphosphorylated inositols have generally been interpreted in terms of conventional, highly specific interactions with proteins, it seems more likely to us that many of their effects may well be explained by their perturbation of the network of polyanion/ protein interactions that exists within and without cells, as we now discuss.
A NETWORK OF POLYANIONS?
There is strong evidence that protein/protein interactions in cells are highly spatially organized. One recent view is that such interactions are well described as scale-free or hierarchical networks (146 -149) . In random network models, nodes (sites of connection/interaction) are not highly connected. In such a random system of k nodes, all have approximately the same number of links, ϽkϾ, where ϽkϾ is the peak in a Poisson distribution describing the connectivity of the nodes. Thus, in a complex system with a large number of nodes, the probability of a high degree of connectivity among the nodes is low due to the exponential decay dependence of random network behavior. In scale-free models, the connectivity of the nodes possesses power law behavior, and the probability that a node is highly connected to other nodes in a system of k nodes is described by P(k) ϳ k ␥ . Hierarchical models are modified scale-free systems that permit some degree of modularity or boundaries, providing compartmentalization, within the scale-free model. For both large scale-free and hierarchical networks, the distance or number of links between any two nodes is on average significantly smaller than that of nodes of random networks. In contrast to random networks, scale-free and hierarchical networks have a high degree of redundancy, which from a biological and evolutionary perspective may serve to minimize the occurrence of adverse events upon failure of individual components within the system. Scale-free networks also have the property of being both robust and sensitive, capable of small responses to large stimuli and large responses to small stimuli, respectively (150) . Scale-free and hierarchical behavior has been used to describe Caenorhabditis elegans nervous systems (151), protein domain networks (148) , physical interactions between yeast nuclear proteins (152) , and Escherichia coli metabolic networks (147, 153) , among others. Moreover, networks of the polyanion RNA (154) and genetic systems (which are partially controlled by noncoding RNA) (155) also appear to display scale-free behavior. We find attractive the possibility that an integrated system of polyanions may also be described in terms of network behavior, with the polyanions providing organizational and perhaps other roles in the constitution of biologically functional (e.g. protein/protein interaction) networks. In a recent special section in the journal Science concerning biological networks, Alon compares biological to engineering networks, emphasizing the common use of modularity, robustness, and the presence of recurring elements in both (156) . Using Alon's engineering analogy, we suggest that polyanions may serve as wires, roads, and interaction matrices within biological networks. That is to say, polyanions could serve as links between the interacting nodes and by organizing such interactions, regulate the behavior of the various elements (e.g. proteins) of the networks. Alon also argues that "The cell can be viewed as an overlay of at least three types of networks, protein-protein, protein-DNA and protein-metabolite interactions" (156) . To this list, we propose the existence of a protein-polyanion network in which polyanions act as nodes and/or connecting branches. When protein-polyanion interactions are considered as entities onto themselves, connectivity emerges that should be both specific and possess the properties of robustness, modularity, and other properties present in other proposed biological networks. It is tempting to predict that such polyanion networks will also be found to be scale-free.
POLYANIONS AND THE PROTEOME
It is in terms of proteomics that the global role of polyanions both within and without cells might have its greatest immediate consequences. What at first appears to be a series of unrelated phenomena whose only common features are the involvement of polyanionic substances, may actually reflect a broad underlying role for highly negatively charged macromolecules in diverse cellular functions and environments. The elucidation of these roles will require that polyanions be taken into account as they relate to the spatial, structural, and temporal behavior of the proteome. Tools now exist to begin to ask to what extent protein/polyanion interactions are present in cells and to probe their biological roles. Computational Approaches-The availability of extensive protein and nucleic acid databases and advances in computational power now provide a mechanism to probe large biological datasets for structural correlations. Such approaches provide some preliminary hints for significant roles of nonspecific electrostatic interactions in various cellular phenomena. For example, using a series of predictors of natural disordered regions (PONDRs) that are based on various neural networks, Dunker et al. have predicted the existence of thousands of yet to be identified intrinsically disordered proteins (the depository for intrinsically disordered proteins is available at www. ist.temple.edu/disprot) (157) . Until fairly recently, so-called "natively disordered proteins" have received limited attention. This reflects the previous view that the typically highly ordered stereoscopically precise forms of most proteins are necessary for their biological function. This idea appears to be altering, however, to one in which a three (or more)-state "protein trinity" model of protein function is beginning to replace the simple two-state [native (active)/unfolded (inactive)] dichotomy (157) (158) (159) (160) . In the more complex model, the "native" functional state can be highly ordered (in multiple forms), partially disordered (again in multiple forms), or extensively disordered (also in multiple forms), with each of these conformational states (distributions) possessing some biological activity. One role of polyanions could be to modulate the relative distribution of these states. To illustrate this possibility, Table II lists identified functions of some known disordered proteins (157) . From this information, it is immediately clear that approximately a third (29%) of these same proteins are already known to interact with polyanions. This is very much a minimum estimate because the majority of these proteins have never been tested for their polyanionbinding activity. As will be illustrated experimentally below, it may well be that the majority of proteins in a cell fall into FIG. 7 . These gels illustrate the binding of COS 7 cell proteins to heparin. Total COS 7 cell protein extract is shown in gel A. Gel B represents proteins remaining in solution after incubation with immobilized heparin for 2 h at 4°C from the same extract shown in gel A, that is proteins that do not bind to the immobilized heparin. There were 807 fewer proteins detected in gel B than in gel A. Proteins were extracted from the COS 7 cells by transferring frozen cells (7 -9 ϫ 10 6 cells) to a mortar containing liquid nitrogen and 1-2 ml of 10 mM sodium phosphate buffer (pH 7.2) with 50 g of DNase I (Sigma Chemical Co., St. Louis, MO), 2.5 g of RNase A (Sigma Chemical Co.), and 5 l of protease inhibitor mixture for mammalian cells (Sigma Chemical Co.) and pulverizing the frozen material with a pestle. The crushed sample was allowed to thaw on ice in 1.7 ml of microcentrifuge tubes. The cell debris was separated from the soluble protein by centrifugation at 14,000 ϫ g at 4°C. The starting material in each figure for the proteins in the control gel and the gel of the supernatant proteins following incubation with the immobilized polyanion(s) are from a single-cell extract preparation (7 -9 ϫ 10 6 cells). The immobilized heparin (heparin immobilized on 4% beaded agarose, 10 mg heparin/ml gel; Sigma Chemical Co.) was prepared by rinsing with a 5-volume excess of 10 mM sodium phosphate buffer (pH 7.2) prior to the addition of the protein. For this experiment, 200 l of heparin agarose gel was washed, and 100 l of COS 7 cell protein extract was added. All electrophoresis was conducted using a Multiphor II Flatbed electrophoresis system (Amersham Biosciences, Piscataway, NJ), and gels were obtained from Amersham Biosciences. First-dimensional separation of the proteins in the control sample as well as the supernatant following incubation with the immobilized polyanion was conducted simultaneously. Proteins were separated in the first dimension using Immobiline Drystrips (pH 3-10, 24 cm) which were rehydrated according to the manufacturer's instruction in the Drystrip Reswelling Tray. The proteins were loaded onto the gel during rehydration by adding 100 l of either the whole-cell extract or the supernatant from the incubation with immobilized heparin to 350 l of rehydration buffer (8 M urea, 2% Triton X-100, 0.5% IPG buffer, pH 3-10, 2.8 mg/ml DTT, and trace bromophenol blue) and then immersing the strip in the rehydration solution. Following rehydration for at least 10 h at room temperature, separation was performed with a gradient program (500 V 2 mA 5W, 1 min; 3,500 V 2 mA 5W, 1 h 30 min; 3,500 V 2 mA 5 W, 10 h 40 min; total time, 12 h 11 min). The temperature of the gels was maintained at 20°C throughout the first-dimension electrophoresis by using a circulating water bath to cool the electrophoresis unit. As specified in the gel manufacturer's protocol, following the first-dimension separation, the gel strips were stored at Ϫ80°C until the second-dimension separation could be performed. ExcelGel GradientXL,12-14% was used for second-dimension separation, and again the experiment was carried out according to the manufacturer's specifications. Briefly, the first-dimension strips were first equilibrated for 15 min in 15 ml of second-dimension equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% glycerol, trace bromophenol blue) containing 10 DTT (10 mg/ml). Next, the strip was equilibrated for an additional 15 min in second-dimension equilibration buffer (15 ml) with iodoactamide (25 mg/ml). The equilibrated strip was positioned gel-side down on the ExcelGel, and electrophoresis was begun. The second-dimension electrophoresis conditions were as follows: 200 V 20 mA 20 W, 40 min; and 800 V 40 mA 40 W, 2 h 40 min. After 35 min, electrophoresis was interrupted briefly to remove the first-dimension gel strip. The temperature of the gel was maintained at 15°C using a recirculating bath to cool the Multiphor Unit. Proteins were visualized by silver stain (PlusOne Silver Staining Kit; Amersham Biosciences). The stained gels were dried and then scanned for analysis using an FX scanner (Bio-Rad, Hercules, CA). The data was analyzed using the Compugen Z3 software package (Compugen, St. Louis, MO). the polyanion-binding category. One interesting possibility is that the presence of polyanions acting as molecular chaperones may result in many "disordered" proteins actually being folded inside cells.
Dunker et al. have also recently developed a predictor of protein phosphorylation sites, disorder-enhanced phosphorylation (DISPHOS, www.ist.temple.edu/DISPHOS) and found that including disorder prediction in the algorithm yields an optimized phosphorylation predictor with an accuracy that exceeds two other widely used predictors, Scansite (scansite.mit.edu) and NetPhos (www.cbs.dtu.dk/services/NetPhos/) (161) . Results of the former approach argue that protein phosphorylation occurs primarily in more disordered regions providing another link between polyanionicity (phosphorylation) and disordered proteins.
Protein databases combined with computational methods have been used to predict proteins that bind to nucleic acids and to identify nucleic acid-binding sites within proteins (162, 163) . (Table III) of positive electrostatic protein patches within these proteins to train neural networks to predict nucleic acid-binding proteins (162) . Validation of the parameters included in the predictor reveal that the number of lysine isosteres in Lys off patches (electrostatic patches in which lysine residues have been computationally mutated to a hydrophobic lysine with a net charge of 0) and the percentage of conserved positive residues within a given electrostatic patch across species were among the most critical features necessary for accurate prediction. Using their algorithm, they were able to correctly classify 44 dsDNA-binding proteins and 236 non-dsDNA-binding proteins, reflecting accuracies of 81 and 94%, respectively (162). Jones et al. have demonstrated that electrostatic potentials alone can be used to predict DNA-binding sites of DNA-binding proteins, and using this method they were able to correctly identify the DNA-binding sites in 38 of 56 (68%) known DNA-binding proteins (163) . This new method outperforms their previously published method, which is based on three-dimensional motif templates, by reducing the number of false-positives (163, 164) . Extension of such approaches to other polyanions should be of significant interest (95) .
Experimental Approaches-More direct approaches to as- FIG. 8 . These gels indicate that hundreds of COS 7 cell proteins interact with actin and tubulin. In comparison to the control (A), there are fewer spots in the gels of proteins remaining in the supernatant following incubation with immobilized actin (413 fewer proteins) (B) or tubulin (681 fewer proteins) (C). The experimental protocol is identical to that given in the legend to Fig. 7 with the exception of the preparation of the immobilized polyanions and that twice the amount of cells was used. Immobilized actin and tubulin were prepared by crosslinking biotinylated actin (Cytoskeleton, Denver, CO) or tubulin (Cytoskeleton) to streptavidin (ImmunoPure™ Immobilized Streptavidin; Pierce Chemical Co., Rockford, IL). Briefly, 200 g of each protein (i.e. actin and tubulin) was reconstituted according to the directions on the manufacturer (2 l of Millipore (Bedford, MA) water was added to each 20-g vial of biotinylated actin and 4 l of G-PEM (1 mM GTP, 80 mM Na-PIPES, pH 6.9, 1 mM MgCl 2 , 1 mM EGTA) buffer purchased from Cytoskeleton was added to each 20-g vial of biotinylated tubulin). The reconstituted proteins were transferred to appropriately labeled microcentrifuge tubes. Following reconstitution, PBS (180 l for actin and 160 l for tubulin) was added to each tube to bring the final biotinylated protein concentration to 1 mg/ml. Immobilized streptavidin gel (140 l) was added to each tube. The beads and proteins were gently mixed for 2 h at 4°C. The beads were then washed by first adding 1 ml of PBS to each tube and centrifuging at 2,500 ϫ g for 2 min and removing the supernatant. Four additional washes were then performed, adding 1 ml of 10 mM sodium phosphate (pH 7.2) to each tube instead of the PBS. The pull-down assays, electrophoresis, staining, and scanning were conducted as described above, except 50 l of COS 7 cell protein solutions was included in the gel rehydration solutions. The gels were analyzed using the PDquest (Bio-Rad) software package.
certaining the extent of potential protein/polyanion interactions are experimental in nature. For example, Saito et al. devised a technique they designate "glyco-Western blotting" (165) . This modified Western blotting technique has been used as an "in-gel" probe for proteins that interact with dermatan sulfate, a GAG. This technique was applied to 3LL and A549 cellular extracts (mouse and human lung cells, respectively), and over 30 bands appeared on each blot. Confirmation that the bands resulted from electrostatic interactions between the proteins and dermatan sulfate was evident from the diminished blotting efficiency seen at increased salt concentrations and the ability of unlabelled dermatan sulfate to displace the labeled GAG. The authors report that "chondroitin sulfate A and heparan sulfate were not effective [competitors] under similar conditions" (165) , but the extent of this apparent specificity was not examined with a diverse panel of polyanions.
Two-dimensional gel electrophoresis can also be used probe the degree to which proteins have the potential to interact with various cellular polyanions. To demonstrate the utility of this approach, we used "pull down" studies employing immobilized polyanions to deplete COS 7 cell protein extracts of proteins that bind to the various polyanions (Figs.  7-9 ). Despite significant experimental variability in the maximum number of proteins detectable in each gel set (i.e. the number of detected proteins in control gels range from 1,145 to 2,648), comparisons of gels of the proteins remaining in solution following incubation with matrix-bound polyanions versus the total proteins extracted during an individual extraction preparation reveal that hundreds to thousands of COS 7 proteins interact with cellular polyanions under these conditions. The greatest extent of interaction (944 proteins out of a total of 1,751) was observed when heparin, a polyanion with a high negative charge density, was employed (Fig. 7) . Proteins are clearly missing from both basic and acidic regions of the gel, confirming that the net protein charge is not necessarily an indicator of the propensity to bind polyanions. This again presumably reflects the presence of well-established localized polyanion binding regions in such proteins. Immobilized actin and tubulin depleted the cell extract similarly, with 413 proteins missing from the actin gel and 681 proteins missing from the tubulin gel with respect to the 2,648 proteins seen in the control gel (Fig. 8) . Immobilized DNA, which somewhat surprisingly was least effective in depleting the sample, resulted in a loss of ϳ100 proteins (1,046 protein spots remaining versus 1,145 in the control) (Fig. 9) . Similar results were obtained when bound proteins were eluted from matrices by high salt and examined by two-dimensional electrophoresis. Careful comparison of all of the experiments suggest that many, if not most, of the proteins bind to several or all of the polyanions, consistent with the low selectivity of the protein/ polyanion interactions. Unique interactions as well as differences in the extent of interaction (affinity) are clearly present, however. The identities of the proteins that interact with the various polyanions are currently being established by twodimensional liquid chromatographic/mass spectrometric methods.
To gain a more intuitive, visual idea of the extent to which polyanion-binding proteins are present in cells, a high-resolution, two-dimensional chromatographic method was used. Levels of individual proteins in COS 7 cell extracts before and after incubation with heparinized beads were examined using a Beckman Coulter ProteomeLab PF2D protein fractionation system (Beckman Coulter, Fullerton, CA). Analogous to twodimensional gel electrophoresis, this method first separates proteins by chromatofocusing. The proteins are then further separated using reversed-phase chromatography. After performing such operations on both whole-cell extracts (control) and the supernatant from the extract incubated with heparinized beads, the intensities of the chromatograms' peaks can be compared and differences plotted. In Fig. 10 , the red bars indicate proteins in the whole-cell extract that are present in greater amounts than in the supernatant from the heparin bead complexes, while the green bars designate greater FIG. 9 . When the control gel (A) and the gel revealing the proteins remaining in solution following protein extract incubation with immobilized DNA (B) are compared, only a small fraction of proteins appear to interact with the DNA. Two-dimensional gel analysis (PDQuest; Bio-Rad) indicates there are ϳ100 fewer proteins in gel B. The experimental protocol is essentially as given in the legend for Fig.  7 , with the following exceptions. DNase I was not included in the protein extract buffer. Immobilized DNA (DNA cellulose: 4.8 mg dsDNA/g; Sigma Chemical Co.) replaced the immobilized heparin. Prior to incubation with the cell extract, DNA cellulose (10 mg) was suspended in 1 ml of 10 mM sodium phosphate buffer (pH 7.2) and gently mixed for 30 min at 4°C. The DNA/cellulose gel was centrifuged at 9,000 ϫ g and washed two additional times with the sample buffer. The two-dimensional gels were analyzed as above.
peak intensities in the supernatant sample. The relative intensities of the colors are directly proportional to the differences in protein concentrations. Regions of black indicate no measurable difference in protein levels. As observed using twodimensional gel electrophoresis, the protein map in Fig. 10 indicates that hundreds of proteins bind to heparin. In fact, FIG. 10 . Comparison map of protein levels in COS 7 cell extract before (red) and after (green) incubation with heparinized beads. The intensity of the color is proportional to the difference in protein levels. The COS 7 cell protein was extracted using liquid nitrogen as described in the legend for Fig. 7 . Again, 10 mM sodium phosphate (pH 7.2) is the buffer. As in the two-dimensional gel studies, a single extract preparation was used for the control sample, and the sample was incubated with the immobilized heparin for 2 h at 4°C. Prior to injection into the ProteomeLab PF2D system, the proteins were exchanged into start buffer (pH 8.3) using a PD-10 column, as specified by Beckman Coulter. The chromatography was performed using a Beckman Coulter protocol. For the first dimension, 1 ml of the protein sample in start buffer was injected. The flow rate was 0.2 ml/min and the column (HPCF 1D Column; Beckman Coulter) was at ambient temperature. Prior to the start of the run, the chromatofocusing column was pre-equilibrated with 100% start buffer (pH 8.3). For the first 20 min, 100% start buffer was used to remove proteins that don't bind to the column. The flow was then switched to 100% eluent buffer (pH 3.78), and the pH began to decrease ϳ45 min into the run. The pH continued to decrease for ϳ45 min. At 95 min, the flow was changed to 100% 1 M sodium chloride to wash off any proteins that remained associated with the column after the pH gradient. Fractions were collected as 0.5-ml sample volumes or at 0.3 pH intervals, whichever came first. An in-line pH meter was used to monitor the pH, and in-line UV absorbance at 280 nm was used to detect the proteins. Each second-dimension run used a 200-l injection of a single fraction collected during the chromatofocusing step (the lanes in this figure represent 22 injections or second-dimension chromatography runs). All second-dimension chromatography was conducted at a column temperature of 50°C and a buffer flow rate of 0.75 ml/min. A Beckman Coulter HPRP 2D column was used. The reversed-phase column (preheated to 50°C) was pre-equilibrated with 0.08% TFA in water (buffer A) before the start of each run. At the beginning of the chromatography, the flow was 75% buffer A and 25% buffer B (0.1% TFA in ACN). After 2 min, a gradient from 25-45% buffer B was run for 20 min. This was followed by a 6-min gradient from 45-75% buffer B, which was followed by a 75-100% buffer B 1-min gradient. The protein was detected using an in-line UV detector set at 214 nm. The individual chromatograms were baseline corrected using a GRAMS AI/Razor Tools software package. The ProteomeLab PF2D software suite was used for all other data analysis (i.e. peak picking, peak quantification, peak matching, and graphing). out of a total of 1,473 peaks resolved, 799 represented proteins with a concentration in the control (whole-cell extract) of at least twice that in the supernatant from the heparin bead extract. If this range is extended to include proteins with peak intensities that are at least 1.5 times that in the control, this number is increased to 937. Conversely, only 123 proteins had peak intensities that were at least two times as high in the supernatant sample than the control.
To further characterize the complement of polyanion-binding proteins in cells, we employed antibody microarrays. Examination of the levels of proteins remaining in the supernatant following incubation of COS 7 cell protein extract with heparinized beads in comparison to whole-cell lysates identifies 29 out of 378 proteins defined by the array as polyanionbinding proteins (Table IV) . A wide variety of different types of proteins are identified by this method. Again, the net charge does not necessarily correlate with a protein's ability to interact with polyanions. In contrast, all of these polyanion-binding proteins have long runs of basic amino acids (Table IV) . Several are also nucleic acid-binding proteins (i.e. GAGE-8, Max protein, orphan nuclear receptor protein, 31-kDa transforming protein, and transcriptional enhancer factor TEF-1) or possess ATP-binding domains (i.e. dual-specificity mitogen-activated protein kinase kinase 7). At least one is known to have a role in actin polymerization (diaphanous protein homolog 1), and several have basic nuclear localization sequences (i.e. period circadian protein 2 and E1A-associated protein p300). Synaptotagmin I, which possess a highly basic C2B domain that is known to bind polynucleotides, inositol phosphates, and lipid (166) , was also identified as a heparin-binding protein using the microarray. More extensive microarrays should be useful in further global analysis of cellular polyanion-binding proteins.
CONCLUSIONS
We propose that a matrix (or more formally, a network) of polyanions including GAGs, lipid-bilayer head groups, microtubules, microfilaments, and polynucleotides, among others, exists on the surface and inside cells that is of functional significance. This network may even extend into the systemic circulation with serum albumin serving as the major polyanion. This extended polyanionic surface may provide a spatially organizing entity that brings together proteins for specific interactions, a guide for transport and a chaperone-like activity to support protein folding and stabilization. Although we have not considered it at any detail here, it seems reasonable to hypothesize that small polyanions such as the inositol phosphates (InP n , n ϭ 4 -6) and the more highly phosphorylated nucleotides (e.g. ATP, Ap n A, etc.) might modulate binding of proteins to the polyanion network through competitive interactions thereby regulating various activities. This might account for the diverse activities of many polyanions inside cells that have yet to be clearly defined (167) (168) (169) (170) . We also postulate that alterations in this polyanionic network may be involved in certain disease processes. Preliminary proteomic analysis presented here suggests that a large number of proteins are involved in interactions with this matrix primarily through charge/charge interactions. The specificity of these protein/polyanion interactions appears to be significantly less than the high-affinity interactions that dominate our current understanding of biochemical systems, but some degree of specificity must certainly be present although yet to be clearly defined. Although the skeptical reader may not unfairly accuse the authors of simply rediscovering cation exchangebased chromatography, we are simply arguing for a functional role for interactions that must certainly be present in cells. Recent prebiotic studies of clay montmorillonites indicate that negatively charged clays can become encapsulated into anionic fatty acid micelles and catalyze polymerization of RNA. Thus, a global role for polyanions might be postulated, traceable back to the early precellular world (171) and provide a potential explanation for the ubiquitous role of polyanions in present day cellular activity. An additional conclusion suggested from the preceding considerations is that caution needs to be exercised in terms of the frequent observation that a particular protein binds to polyanions whether they be heparin, proteoglycans, polynucleotides, microtubules, or microfilaments. This interaction may well reflect a nonspecific association that, while in one context be of functional signif- icance as discussed above, may not be properly attributable to the more specific functional alteration tested. If we are to understand the proteome, it is our belief that interactions between proteins will, in many cases, need to be understood in the context of such polyanionic-based interactions. It seems quite likely that many more examples of polyanion/ protein interactions of potential functional significance will eventually be elucidated. Therefore, definition of the "polyanion/protein world" should become an important new area of inquiry.
